A better understanding of the cellular and molecular basis of transplant rejection and the generation of transgenic donor animals bearing genes that mediate protection towards rejection (3, 24, 25) have stimulated approaches to use xenotransplantation, i.e., the therapeutic use of animal cells, tissues, and organs, to overcome the shortage of allogeneic transplants (7) . Pigs are preferred as donors for xenotransplants (10) .
Major concerns have been raised about the possibility of introducing new microbial agents from the animal into the recipient, leading to xenozoonosis (2, 11, 18, 27) . Viruses that are germ line transmitted, i.e., porcine endogenous retroviruses (PERV) (21) , and DNA viruses that can persist without symptoms in their natural host and are transmitted via intrauterine or transplacentar pathways, e.g., herpesviruses (8) , are of particular interest.
Approximately 50 integration sites of PERV exist in the genomes of different pig breeds (1, 14, 21) , and at least three classes are known (14, 28) . Those classes, named PERV-A, -B, and -C (PERV-C is also known as PERV-MSL), display high sequence homology in the genes for group-specific antigens (gag) and polymerase (pol) but differ in the envelope (env) genes which determine the host range. In addition, the existence of multiple other PERV sequences in domestic pigs and their phylogenetic relatives has been described. However, only classes A, B, and C appear to be infectious (22) . PERV that are released from different pig cell lines are able to infect human cells in vitro (15, 32, 33) . PERV-C (1) is ecotropic compared to PERV-A and PERV-B, which are polytropic as deduced from pseudotype experiments utilizing the corresponding env genes (28) .
A retrospective investigation of 160 patients who had been treated with porcine cells and tissues showed no evidence for transmission of PERV (20) ; however, no long-term transplantation of a whole vascularized organ has been attempted so far. In contrast, a recent study utilizing NOD/SCID mice revealed PERV infection in several tissue compartments after transplantation of pig pancreatic islets, indicating the xenozoonotic potential of those retroviruses (31) .
Recently, we have reported the isolation of replication-competent PERV-B molecular clones derived from human embryonic kidney cells infected with PERV (293 PERV-PK) (5) . In this communication, we describe the cloning and characterization of PERV-A and PERV-B proviral sequences derived from the porcine kidney cell line PK15 as well as the characterization of the molecular clone PERV-A(42); isolated from 293 PERV-PK cells (5) . [Hereafter, clones derived from cell line 293 PERV-PK will be designated 293-PERV-B(33), 293-PERV-B(43), and 293-PERV-A(42); clones derived from cell line PK15 will be designated PK15-PERV-A(58), and so on.] Three proviruses, one PERV-B and two PERV-A clones, produce infectious and replication-competent particles upon transfection of susceptible cells and subsequent infection of different human cell lines. Thus, this study provides the first functional PERV-A and PERV-B clones isolated directly from the pig genome and allows the comparison of proviral PERV sequences from different origins at the molecular and cellular level.
MATERIALS AND METHODS
Cell lines and replication studies. The cell lines PK15 and 293 were kindly provided by R. Weiss (London, England). HeLa, D17, and PG-4 cells were obtained from the European Collection of Cell Cultures. For the generation of producer cells, plasmid DNA was prepared by utilizing the EndoFree system (Qiagen, Hilden, Germany), and 1 to 5 g of DNA was transfected into cells with Lipofectamine (Life Technologies, Karlsruhe, Germany). Infectivity was tested by inoculation of semiconfluent cultures of susceptible cell lines with cell-free supernatants of producer cells after filtration through 0.45-m-pore-size membranes (Sartorius, Göttingen, Germany). Viral replication was detected by reverse transcriptase (RT) assays and immunofluorescence microscopy with PERV-specific antibodies (13) .
Immunofluorescence microscopy. Human 293 and HeLa cells as well as canine D17 cells and feline PG-4 cells were infected with PERV and fixed 48 to 72 h post infection (p.i.) with 2% formaldehyde. Indirect immunofluorescence analyses were performed as described previously with PERV-specific antisera directed against the nucleocapsid (p10) (13) .
RT assay. Membrane-filtered cell-free supernatants of transfected and infected cell lines were tested for RT activity by employing the C-type RT activity assay (Cavidi Tech Ab, Uppsala, Sweden) according to the manufacturer's instructions (protocol B).
Detection of integrated PERV. Genomic DNA was isolated from different cell lines grown to confluence by standard procedures (23) . Proviral integration of PERV was tested by PCR of pro/pol sequences with oligonucleotides PK1 (5Ј-TTGACTTGGCAGTGGGACGGGTAAC-3Ј; nucleotide [nt] 2886 to 2910) and PK6 (5Ј-GAGGGTCACCTGAGGGTGTTGGAT-3Ј; nt 3700 to 3677) in a first amplification and PK2 (5Ј-GGTAACCCACTCGTTTCTGGTCA-3Ј; nt 2905 to 2927) and PK5 (5Ј-CTGTGTAGGGCT TCGTCAAAGATG-3Ј; nt 3657 to 3634) in a nested amplification. Nucleotide positions refer to those for 293-PERV-A(42).
Identification of ORF. Isolated PERV sequences were tested for open reading frames (ORF) by means of the protein truncation test using the TNT T7 QuickCoupled Transcription/Translation system (Promega, Mannheim, Germany) according to the manufacturer's instructions.
Gene sequences for gag, pol, and env were amplified in conjunction with a T7 promoter using oligonucleotides T7-PERV-gag-for (5Ј-CTTGTGCGTCCTTGT CTACAG-3Ј; nt 1087 to 1107), PERV-gag-rev (5Ј-CTTCAAAGTTACCCTGG GCTCG-3Ј; nt 2737 to 2716), T7-PERV-pol-for (5Ј-GCTACAACCATTAGGA AAAC-3Ј; nt 2794 to 2813), PERV-pol-rev (5Ј-GAGTTCGGGCTGTCCACA AGG-3Ј; nt 6304 to 6284), T7-PERV-env-for (5Ј-CCACTAGACATTTGAAG TTC-3Ј; nt 6116 to 6136), and PERV-env-rev (5Ј-GTTAATAGTTCTAATCTT AGAAC-3Ј; nt 8163 to 8141). Nucleotide positions refer to those for 293-PERV-A(42).
Generation and screening of porcine and human bacteriophage libraries. A genomic DNA library from PK15 cells was constructed utilizing the FixII/XhoI partial fill-in vector (Stratagene, Amsterdam, The Netherlands) as described previously (5) . The generation of a genomic library from cell line 293 PERV-PK has been reported as well as the screening of bacteriophage libraries with a 32 P-labeled PERV pro/pol probe (5). Subcloning of DNA inserts from purified clones into pBS-KS (Stratagene) was done as previously described (5). Sequence analyses. The DNA sequences of both strands of molecular clones were determined by primer walking as described previously (5) with an ABI 373A or 377 DNA sequencing system (Applied Biosystems, Weiterstadt, Germany).
Nucleotide sequence accession numbers. The sequences of 293-PERV-A(42), PK15-PERV-A(58), and PK15-PERV-B(213) have been deposited at GenBank under accession numbers AJ133817 (5), AJ293656, and AJ293657, respectively. Sequences used for homology analyses are 293-PERV-B(33) (AJ133816), 293-PERV-B(43) (AJ133818) (5), and PERV-C (AF038600) (1) .
RESULTS
Cloning of PERV sequences from human and pig cells. One proviral clone, 293-PERV-A(42), which had been isolated from a genomic DNA library of 293 PERV-PK cells (5), was further characterized. In addition, a DNA library from the porcine cell line PK15, which releases infectious PERV particles (21), was established and screened to isolate "native" (i.e., derived from the pig genome) proviral sequences.
After three rounds of screening, 68 clones from the PK15 library were purified to homogeneity. Differentiation of these clones by PCR utilizing primers specific for envA and envB genes revealed 41 PERV-A clones and 10 PERV-B clones, respectively. The remaining 17 clones yielded neither envA, envB, envC, nor envD amplificates in PCR experiments (data not shown). These clones were considered deficient of the appropriate env gene sequences and were excluded from further analysis.
The PERV-A and PERV-B sequences derived from PK15 cells were investigated for the presence of proviral ORF by protein truncation test analyses (data not shown). Most of the isolated clones were truncated in either one or more of the three ORF except for three class A clones, PK15-PERV-A(42), PK15-PERV-A(45), and PK15-PERV-A(58), and one class B clone, PK15-PERV-B (213), that demonstrated all three reading frames. Restriction enzyme analyses, partial sequencing, and PCR analyses revealed that the three PERV-A sequences are integrated at the same site in the porcine genome, indicating that these clones represent the same provirus (data not shown). Thus, only clone PK15-PERV-A(58) was chosen for further experiments and was designated pPK15-PERV-A(58) after subcloning into pBS. Clone PK15-PERV-B(213) was further analyzed after subcloning of the corresponding insert, yielding plasmid pPK15-PERV-B(213).
Analyses of full-length PERV sequences. For further characterization of the genomic structure, proviral PERV sequences were determined. Clone 293-PERV-A(42) and clone PK15-PERV-A(58) display sequences of 8,849 and 8,918 bp in length, respectively. The gag gene of 293-PERV-A(42) starts at nt 1115 and is colinear with the pro/pol ORF (nt 2690 to 6274) ( Fig. 1) . The amber stop codon (UAG) at nt 2689 separating both genes is suppressed by tRNA Gln as described previously (1, 5) . The env gene partially overlaps with pro/pol (nt 6150 to 8132) and forms a new reading frame. PK15-PERV-A(58) shows a similar structure encompassing the genes for gag (nt 1153 to 2727), pro/pol (nt 2728 to 6309), and env (nt 6185 to 8149). PK15-PERV-B(213) displays a sequence of 8,763 bp and shows ORFs for gag (nt 1077 to 2651), pro/pol (nt 2652 to 6239), and env (nt 6112 to 8085). Comparison of the nucleotide and deduced amino acid sequences of the class A clone PK15-PERV-A(58) with 293-PERV-A(42) and the class B clone PK15-PERV-B(213) with the previously described 293-PERV-B(33) and 293-PERV-B(43) (5) revealed high homology scores which are listed in Table 1 .
All three proviral PERV clones show highly conserved amino acid motifs of mammalian type C retroviruses (1, 5) as summarized in Table 2 .
PK15-PERV-B(213) harbors the longest pro/pol gene. The gene bears one more codon (nt 6234 to 6237, coding for glutamine) than pro/pol of 293-PERV-A(42) and PK15-PERV-A(58) and one more codon (nt 5951 to 5953, coding for arginine) than PK15-PERV-A(58). Likewise, in the pro/pol of 293-PERV-A(42), one more arginine (nt 5989 to 5991) is found than in PK15-PERV-A(58). Thus, PK15-PERV-A(58) bears the shortest pro/pol gene.
The env gene of PK15-PERV-A(58) demonstrates a curtailment of 18 nt compared to 293-PERV-A(42) (nt 8115 to 8132) at the 3Ј end of the sequence. The class-specific differences of PERV-A and PERV-B are also reflected by the difference in length between the env sequences of PK15-PERV-B(213) and 293-PERV-A(42) (1,973 and 1,982 nt, respectively). Furthermore, an insertion of 4 nt was found in the 5Ј untranslated region of PK15-PERV-A(58) (nt position 787 to 790). Phylogenetic analyses of the amino acid sequences derived from clones PK15-PERV-A(58), PK15-PERV-B(213), and 293-PERV-A(42) and the corresponding ORF of previously described PERV sequences (1, 5) reflect their relationship (Fig.  2) . For Gag, a clustering of the clones derived from human 293 cells was revealed, whereas Gag of PK15-PERV-A(58) is more closely related to Gag of PERV-C than to Gag of PK15-PERV-B(213) (Fig. 2A) . The Pro/Pol sequences are distributed according to the appropriate class of PERV (Fig. 2B) . The native clone PK15-PERV-B(213) is closely related to clones 293-PERV-B(33) and 293-PERV-B(43). However, the two PERV-A clones show a higher level of divergence for Pro/Pol. Env shows the expected class-like distribution (15) where the class B sequences form one branch (Fig. 2C) . Interestingly, clones 293-PERV-A(42) and PK15-PERV-A(58) are located proximal to PERV-C in Env. PERV-C demonstrates general proximity to PK15-PERV-A(58) for all three ORF. Features of LTR sequences. Major differences were found in the LTRs of PK15-PERV-A(58) and PK15-PERV-B(213) (Fig. 3) . The LTRs of these proviral PERV are limited by the inverted repeat sequence TGAAAGG/CCTTTCA, as described for the previously characterized clones 293-PERV-B(33) and 293-PERV-B(43) (5). Furthermore, a box of 39-bp repeats is found in the U3 region of 293-PERV-A(42) and PK15-PERV-B(213), each repeat consisting of subrepeats of 21 and 18 bp. For 293-PERV-A(42), three consecutive repeats ranging from nt 331 to 447 are found. The LTR of PK15-PERV-B(213) exhibits two repeats (nt 331 to 408). In both LTRs, an 18-bp repeat is found preceding the triplex and duplex repeat box, respectively. Thus, the LTR of PK15-PERV-B(213) resembles the LTR of molecular clone 293-PERV-B(43) (reference 5 and Table 1 ).
The LTR of PK15-PERV-A(58) harbors one 21-bp and one 18-bp subrepeat, both showing two nucleotide exchanges, which are separated from each other (nt 417 to 437 and nt 462 to 480, respectively) (Fig. 3) . Comparison with the LTR of 293-PERV-A(42) revealed a homology of 63.4% (Table 1) .
Analysis of PERV expression and replication. Genomic DNA extracted from cell lines infected with PERV was investigated for the presence of integrated pro/pol sequences by PCR amplification. All cell lines used in infection studies, 293, HeLa, D17, and PG-4, showed the expected 753-bp amplification product after infection (data not shown).
As different cell lines have been described as being susceptible to PERV infection (28) , the ability of 293-PERV-A(42), PK15-PERV-A(58), and PK15-PERV-B(213) to productively infect cells was investigated by indirect immunofluorescence analyses with a PERV-specific Gag p10 antiserum (13) . Distinct signals, although with different intensities, were obtained for all three viruses as well as cell lines tested p.i. after incubation with p10 antibody (data not shown). 293-PERV-A(42) and PK15-PERV-A(58) showed significant Gag expression 8 to 12 days p.i. in all cell lines, similar to the pattern found for 293 cells after infection with molecular clone 293-PERV-B(33)/ATG (reference 13 and data not shown). PK15-PERV-B(213), however, showed a lower degree of Gag expression (data not shown).
To confirm the presence of infectious and replication-competent viral particles, RT activities in the supernatant of cell lines were determined in the course of infection with PERV. Cell-free supernatants from D17, PG-4, HeLa, and 293 cells that had been infected with PERV derived from 293 or HeLa producer cells subsequent to transfection with either of the molecular clones 293-PERV-A(42), PK15-PERV-A(58), or PK15-PERV-B(213) were collected up to 51 days p.i.
In the case of clone 293-PERV-A(42), RT activity of up to 500 mU/ml was found for PG-4 cells infected with PERV derived from transfected HeLa producer cells (Fig. 4A) , where the virus stock used had a titer of 4 mU/ml (data not shown). Furthermore, after infection of D17 cells with the same virus stock 293-PERV-A(42) initially demonstrated an activity of 100 mU/ml (day 13), which declined from day 20 on. Conversely, virus 293-PERV-A(42) demonstrated weaker RT activity on 293 cells and on HeLa cells at day 51 p.i. Clone PK15-PERV-A(58) demonstrated RT activities in a range of 2 to 15 mU/ml on different cell lines (Fig. 4B) . In contrast to clone 293-PERV-A(42), PK15-PERV-A(58) showed elevated levels of activity (15 mU/ml after infection with virus derived from 293 cells that were transfected with this clone) on 293 cells at day 40 p.i. PK15-PERV-B(213) demonstrated RT activities similar to PK15-PERV-A(58) upon infection of 293 and HeLa cells (data not shown). For 293 cells infected with PERV derived from HeLa producer cells that had been originally infected with PK15-PERV-B(213) derived from transfected 293 cells, a transient activity of up to 4 mU/ml was detected at day 21. The HeLa producer cells showed RT activities ranging from 2 to 4 mU/ml until day 48. All other cell lines, HeLa, PG-4, and D17, were infected with PK15-PERV-B(213) derived from transfected 293 producer cells and revealed activities Ͻ1 mU/ml (data not shown). Supernatants used for infection showed activities of 1 to 2 mU/ml in the case of PK15-PERV-A(58) and of 4 mU/ml in the case of PK15-PERV-B(213) (data not shown). Table 1 ). Relative distances are indicated by scale bars (0.1, 10% divergence). Phylograms were generated with PHYLIP 3.574c (Prodist and Neighbor programs) (http://evolution.genetics .washington.edu/phylip.html).
DISCUSSION
Recently, we have reported the cloning of full-length, replication-competent PERV-B proviral sequences derived from infected human 293 cells (293 PERV-PK) (5) . These data, in addition to the characterization of a PERV-C proviral sequence (1), demonstrate that the pig genome harbors intact proviruses similar to those found in several other species (30) .
Here, we present the first structural and functional description of two proviral sequences, PK15-PERV-A(58) and PK15-PERV-B(213), isolated from the porcine cell line PK15. In addition, the characterization of a clone, 293-PERV-A(42), isolated from a human 293 cell line productively infected with PERV (293 PERV-PK), is presented. All three proviruses bear replicative capacities. Isolation of these clones allows to compare native and "humanized" (i.e., cloned from infected human cells) PERV sequences at molecular and cellular levels. All three molecular clones described here show the same proviral structure as the previously characterized clones 293-PERV-B(33) and 293-PERV-B(43) (5) . Amino acid exchanges compared to the humanized clones are mainly found in PK15-PERV-A(58) as indicated in Fig. 2 . For Gag and Pro/Pol of PK15-PERV-A(58) and PK15-PERV-B(213), those differences are scattered along the sequences. Exchanges found in the Env of PK15-PERV-A(58) mostly occur in the transmembrane (data not shown), and most of these differences are neutral. The impact of the remaining exchanges on the replicative capacity of the virus needs to be evaluated.
The polymorphisms found in 293-PERV-A(42), PK15-PERV-A(58), and PK15-PERV-B(213) have an impact neither on the highly conserved motifs in pro/pol for mammalian type C retroviruses (Table 2) nor, in the case of PK15-PERV-A(58), on the regions in the env genes which are important for the determination of the host range (VRA, VRB, and PRO) (14) .
As defined for other type C retroviruses like gibbon ape leukemia virus (GaLV) (9), the C-terminal end of the Env protein comprises the putative R peptide in 293-PERV-A(42) (nt 8079 to 8129), PK15-PERV-A(58) (nt 8114 to 8149), and PK15-PERV-B(213) (nt 8032 to 8082). However, the putative R peptide of 293-PERV-A(42), PK15-PERV-B(213), and the published proviruses 293-PERV-B(33) and 293-PERV-B(43) (5) appears to be 17 amino acids (aa) in length compared to 16 aa in GaLV (9) . Studies with truncated forms of the R peptide of Moloney murine leukemia virus (MoMLV) indicated that up to 7 aa from the C-terminal end could be deleted without a detectable effect on the fusion activity of Env (35) . However, since the curtailment of the cytoplasmic tail of PK15-PERV-A(58) Env comprises only 6 aa, no tendency for fusion activity was found in cells infected with this virus (data not shown).
As clones 293-PERV-A(42) and PK15-PERV-A(58) both show lower degrees of homology than the class B clones (Table  1) , the LTR of PK15-PERV-A(58) demonstrates a different structure within the U3 region compared to 293-PERV-A(42) and PK15-PERV-B(213) (Fig. 3) . The LTR U3 regions of these two clones and of the two previously reported proviruses 293-PERV-B(33) and 293-PERV-B(43) (5) contain different numbers of a 39-bp repeat box which consists of two subrepeats (18 and 21 bp). 293-PERV-A(42) displays a triplicated box, and PK15-PERV-B(213) bears a duplicated box. Thus, the repeat boxes appear to be variations on a basic theme. In contrast, the subrepeats are separated from each other in the U3 of PK15-PERV-A(58) (Fig. 3) and show two nucleotide exchanges per subrepeat. A preliminary analysis of the 39-bp repeat revealed that it contains motifs for nuclear binding factors (G. Scheef et al., submitted for publication), similar to repeat structures in the LTR of MoMLV (16) . In addition, as there appears to be a direct correlation between the number of repeats in U3 and the transcriptional activity (Scheef et al., submitted), it is conceivable that the disruption of the repeat, as found in PK15-PERV-A(58), has an impact on the transcriptional acitvity of the LTR and thus on the level of replicative capacity of this clone. The question of whether the U3 structure found in PK15-PERV-A(58) can give rise to the structure observed in proviruses 293-PERV-A(42), 293-PERV-B(33), 293-PERV-B(43), and PK15-PERV-B(213) is presently under investigation in our laboratory. However, PCR analysis of genomic DNA of PK15 cells revealed that no proviral LTR exists in these cells that is identical to the one found in clone 293-PERV(42), which bears three 39-bp repeats (Fig. 5) . Thus, it is conceivable that this clone is a recombination product. On the other hand, taking into account the divergence between the two class A clones, it is unlikely that 293-PERV-A(42) is derived from PK15-PERV-A(58) ( Table 1) .
The capacity of the viruses 293-PERV-A(42), PK15-PERV-A(58), and PK15-PERV-B(213) to infect different cell lines was revealed by PCR amplification of integrated proviral copies and by detection of Gag expression (data not shown) and viral particles in cell-free supernatants of infected cells by RT assays (Fig. 4) . Several cell lines have been reported to be susceptible to infection with PERV, including human 293 cells (21, 28) . None of the PERV clones described here showed high levels of RT activity on 293 cells [15 mU/ml for 293-PERV-A(58) and 4 mU/ml for PK15-PERV-B(213)] (Fig. 4 and data  not shown) .
In contrast to our results, pseudotype experiments utilizing PERV-A, PERV-B, and PERV-C env sequences indicated a more efficient entry for PERV-A env with 293 and HeLa cells (28) . However, this study concentrated on the tropism of PERV and not on replicative capacity. The pseudotype analyses utilized only the env genes and did not take into account interactions between the host and the virus and regulatory elements as present, e.g., in the proviral LTR. For the infectivity studies based on biological separation of PERV class A, B, and C clones presented in the same report, no RT values are given (28) . Hence, it cannot be ruled out that the genetically cloned proviruses derived from PK15 cells described here are identical with the biologically cloned PERV.
The most susceptible cell line for 293-PERV-A(42) in this study is the feline cell line PG-4 (Fig. 4A ). Furthermore, lowerlevel but transient activity was found for canine cells (D17) (Fig. 4A) , which is in accordance with the host range study (28) .
PK15-PERV-A(58) showed a significantly lower activity of up to 3 logarithmic scales than 293-PERV-A(42) and, except for 293 cells, only transient and low activity was observed for the other cell lines investigated (Fig. 4B) . It cannot be ruled out that the selected producer cell line (293) has an influence on the RT activity found for the clone PK15-PERV-A(58) on 293 cells. However, as the 293-PERV-A(42) virus stock used to infect PG-4 cells was derived from HeLa producer cells, an adaptation seems not to have much impact on the time scale of the experiments.
Infection studies with clone PK15-PERV-B(213) revealed low levels of activity on HeLa cells and transient levels of activity on 293 cells (data not shown). All other cell lines tested revealed very low activity levels for PK15-PERV-B(213) (data not shown). However, as published data show RT activities of 0.1 mU/ml after infection of 293 cells with PK15 derived PERV (virus stock activity of 1.6 mU/ml) (31), the activities described here for PK15-PERV-A(58) and PK15-PERV-B(213) clearly demonstrate the replication-competence of these clones.
Based on the high homology between PK15-PERV-B(213) and the previously described 293-PERV-B(43) ( Table 1 on different branches. Thus, it appears that the selection achieved by serial passages of PERV on human cells (5, 21) has favored a certain type of Gag ( Fig. 2A) or, vice versa, that a certain Gag is an advantage for the productive infection of human cells. In regard of the class-specific assignment, particularly for the class B clones, it could be speculated based on Pro/Pol sequences that the different PERV-B clones have arisen from one ancestral provirus (Fig. 2B ). This hypothesis is further supported by the fact that the Env sequences of 293-PERV-B(33)/ATG, 293-PERV-B(43), and PK15-PERV-B(213) are phylogenetically very closely related (Fig. 2C) .
As indicated in Table 1 , PK15-PERV-A(58) reveals an overall lower level of homology than 293-PERV-A(42), which is reflected by the phylogenetic distances of Gag and Pro/Pol ( Fig. 2A and B) . PK15-PERV-A(58) is more closely related to PERV-C (gag, 97.6%; pro/pol, 97.5%) with exception of env (69.3%), for which PK15-PERV-A(58) demonstrates a closer relationship to 293-PERV-A(42) (Fig. 2C) . Thus, it appears that PK15-PERV-A(58) forms a major group with PERV-C, irrespective of the env sequence. When the Env sequences of all class A and class B clones were aligned (data not shown), PERV-C revealed deletions of the putative VRA and VRB region, suggesting that these PERV-C sequences have evolved from a class A predecessor that shows closest homologies to clone PK15-PERV-A(58).
In this communication, we describe the cloning and the structural and molecular characterization of two replicationcompetent full-length proviral PERV-A and PERV-B clones derived from the pig genome. Furthermore, the functional characterization of a PERV-A clone derived from infected human cells is presented. The two native clones revealed productive infection on different cell lines, however only at low levels. The fact that the LTR of clone 293-PERV-B(43) has an almost identical counterpart in the pig genome, represented by PK15-PERV-B(213), suggests that this LTR, bearing two 39-bp repeats (Fig. 3) , is not the result of an adaptation process to a new host, but an original, (i.e., native) sequence. This finding is confirmed by the independent isolation of a proviral LTR that is closely related to the LTR of 293-PERV-A(42) from a genomic porcine library cloned in bacterial artificial chromosomes (reference 30 and M. Niebert et al., unpublished data). On the other hand, no proviral LTR as present in 293-PERV-B(33), bearing four 39-bp repeats, has been isolated from the pig genome so far, although PCR experiments in our laboratory have indicated its presence (Fig. 5 and G. Scheef et al., submitted for publication). Due to our approach to search for ORF, other PERV clones, e.g., those containing this LTR, could have been missed during the screening procedure of the PK15 library.
In terms of numbers of functional copies of proviral PERV, it might be speculated that PK15 cells do not harbor many more than two replication-competent PERV-A and two PERV-B sequences, as revealed by isolation of clones 293-PERV-A(42), PK15-PERV-A(58), 293-PERV-B(43), and PK15-PERV-B(213), since 293-PERV-B(33) lacks the env start codon and is thus not functional (5) . However, as a 293-PERV-A(42) type of LTR is not present in PK15 cells (Fig. 5) but exists in cells from large white pigs (see above), recombination and adaptation events appear to occur in infected cells.
In conclusion, as it was shown recently for NOD/SCID mice that the transplantation of porcine islets leads to PERV infection (31), the capacity of different proviral PERV to replicate in human cells even at low levels as shown here has a major implication for the use of pig organs and tissues in the course of xenotransplantation. The identification of defined replication-competent retroviruses in the pig genome, however, might help to identify pig breeds which produce lower levels of PERV or are devoid of individual proviruses due to polymorphisms. In general, the number of active PERV is probably dependent on the particular strain of animal. The data presented in this study suggest that the numbers of functional PERV in the pig genome are limited, which would have an impact on the possibility of cloning PERV-free pigs (6) .
